The Surai Khola section in southwest Nepal, a 5000 m continuously exposed record of fluvial sedimentation since Middle Miocene, was revisited for high-resolution magnetostratigraphy in sequences with expected cryptochrons and reversals of the geomagnetic field. Polarity intervals with durations of a few tens of thousands of years are recorded as zones of stable palaeomagnetic directions. Polarity transitions are recorded as zones with complex demagnetization behaviour of specimens in the sedimentary column. Almost antiparallel palaeoremanence directions, residing in different haematite phases in the same specimens, could generally not be separated properly by thermal demagnetization. Differing demagnetization paths for neighbouring specimens during a reversal suggest that measured transitional directions are not true geomagnetic field directions, but rather are generated by the superposition of variable amounts of at least two almost antiparallel components of magnetization. Accompanying studies of recent river sand deposits demonstrate that these sediments acquire a true depositional remanent magnetization (DRM) with considerable inclination errors and scattered directions for individual specimens.
INTRODUCTION
pleteness of an individual section may be estimated by the coincidence of lithological boundaries and reversals in the Magnetostratigraphic records obtained from fluvial sedimagnetostratigraphic record (Algeo 1993) . mentary sequences are established as a standard method
The origin of the magnetization of haematite-bearing sedifor local, regional, and global correlations. Nevertheless, for ments has for a long time been a matter of passionate debate individual sections, knowledge about the origin and the exact (Roy & Park 1972; Walker et al. 1981) . Results from Siwalik timing of the remanence is still poor, and, mainly because of mudstones (Johnson et al. 1983; Khan et al. 1988 ; Tauxe & the absence of a sufficiently precise small-scale chronometric Opdyke 1982) and sandstones (Appel et al. 1991; Gautam & calibration , the temporal resolution of the stratigraphic record Appel 1994; Rösler, Metzler & Appel 1997) show a considerand the quality of the obtained magnetostratigraphic record able scatter of individual remanence directions of specimens, are debatable. The present paper investigates the magnetic with declinations averaging the palaeofield declination, and signature of short intervals and reversals in re-sampled parts inclinations often being 20°too shallow. Inclination errors of of the Neogene fluvial Surai Khola section in the Nepalese similar order in fine-grained modern river sediments (Tauxe & Siwaliks (Fig. 1; Appel et al. 1991) and tries to draw conclusions Kent 1984) and river sands of the present study indicate that on the process of sediment accumulation, the lock-in mechthe measured inclination errors of palaeomagnetic samples are anism of the remanence, and on the nature of short-term due to primary DRMs rather than to compaction. Despite features of the geomagnetic field.
their low directional accuracy, Siwalik sediments seem to be On short timescales of years or decades, the stratigraphic reliable recorders of the geomagnetic field polarity. Their short completeness of fluvial sedimentary sequences is generally low lock-in times of the remanence, combined with high net in comparison to other sedimentary environments. On a sediment accumulation rates, lead us to expect that short time 1000 year scale, however, fluvial sedimentation has a priori the features of the geomagnetic field are also present in the Siwalik magnetostratigraphic record. same completeness as shallow marine sedimentation (Sadler Modern versions of the geomagnetic polarity timescale from sedimentary records may be complete artefacts (Rochette 1990) . Moreover, a reliable determination of the duration of (GPTS) show cryptochrons, small-scale magnetic intervals of less than 30 kyr duration (e.g. Harland et al. 1982 Harland et al. , 1989  geomagnetic field reversals is hampered by the unsteady nature of sedimentation on short timescales. The duration of reversals Cande & Kent 1992 , 1995 , which had been recognized as 'tiny wiggles' in numerous marine magnetic profiles (Blakely 1974) .
is estimated to be in the range of 103 years (Fuller 1989) . The present study focuses on following questions: These 'tiny wiggles' have been interpreted as very short polarity intervals (Blakely 1974) or as effects of longer-period intensity
(1) Are inclination errors a primary feature of the remanence variations of the geomagnetic field (Cande & LaBrecque 1974) .
of recent fluvial sediments? If inclination errors can be Owing to their short duration and the limited availability of attributed to a primary DRM, then their occurrence in suitable sections, only a few 'tiny wiggles' could be verified as palaeomagnetic data from similar lithologies indicates that a magnetic intervals in sedimentary sections (e.g. Schneider 1995) .
substantial part of the remanence was locked in at the time of Our results from a previous magnetostratigraphic study in sediment deposition. Thus smoothing effects generated by timethe Surai Khola section show excellent agreement with the delayed generation of postdepositional (pDRM) or chemical standard polarity timescale in its Middle and Lower Siwalik remanence (CRM) components are of minor importance and parts (Appel et al. 1991;  this data set will be referred to as the sediment is suitable to record short time features of the SK91). In the long interval of normal polarity, correlated to geomagnetic field. chron 5n, a few single specimens showed remanence directions (2) Are cryptochrons recorded in the Surai Khola magnetoof reverse or intermediate polarity (Fig. 2 ). This part of the stratigraphic record? If a DRM is present, the time resolution Surai Khola section is characterized by uniform sedimentary of the magnetostratigraphic record is mainly limited by the cycles of a few metres thickness, indicating a calm floodplain stratigraphic completeness of the section. If cryptochrons are environment of meandering rivers at the time of sediment recorded, the sedimentary record is complete on the timescale deposition. The very stable demagnetization behaviour of speciof the duration of the identified cryptochrons. mens and the sampling density of about one sample per 5.5 m, (3) Do reversals coincide with lithological boundaries? If corresponding to approximately one sample per 12 000 years reversals are recorded at lithological boundaries, the stratigraphic on average, suggest that some of the cryptochrons in chron 5n completeness of the subsection may be estimated (Algeo 1993) . might be recorded by few samples of reverse or intermediate (4) Are transitional records present? If transitional records polarity in the SK91 data set. According to the sample are present, the stratigraphic record is complete on the timeseparation, a detailed record of a polarity transition could not scale of the duration of reversals. The signature of transitional be observed in SK91, but intermediate directions of specimens records may allow the identification of secondary remanence after stepwise thermal demagnetization were often recorded components and an analysis of the remanence acquisition near polarity reversals.
history of the sediment. Moreover, it may be possible to The behaviour of the geomagnetic field during excursions estimate the duration of geomagnetic field reversals. and reversals is still far from being understood (e.g. Prévot & Camps 1993; Laj et al. 1991 Laj et al. , 1992 McFadden et al. 1993; Hoffman 1996) . In contrast to records from lava flows, THE SURAI KHOLA SECTION sedimentary records may be influenced by the time-delayed remanence acquisition of several remanence components
The Surai Khola section is exposed along the Mahendra Highway and the river Surai Khola about 80 km west of the (van Hoof & Langereis 1991) . Owing to smoothing effects, transitional virtual geomagnetic pole ( VGP) paths obtained town Butwal in West Nepal (Fig. 1 ). It comprises a 5000 m Polarities: black, normal; white, reverse. Cryptochrons of reverse polarity within C5n.2n are indicated by white arrows. Normal polarity intervals and cryptochrons are labelled on the left-hand side of CK95; the age scale is given on the right-hand side.
undisturbed, continuously exposed record of fluvial sediments and more complete than in the upper part (Rö sler et al. 1997) . Therefore this study was focused on the lower part of the since the Middle Miocene (Corvinus 1988) . The strata strike WNW-ESE and dip 60°-80°to the north. The succession Surai Khola section, with uniform sedimentary cycles a few metres thick. is built up by numerous sedimentary cycles beginning with sandstones, fining up to siltstones and clays. As a whole, the In the SK91 data set, a prominent, 550 m long interval of mainly normal polarity, correlated with chron 5n section comprises a coarsening upward megacycle with higher clay and silt content in its lower part. In its lowermost part, (9.740-10.949 Ma), was identified with about 100 samples (Fig. 2) . After stepwise thermal demagnetization, 95 samples the section is built up by uniform sedimentary cycles a few metres thick. Thick sandstone beds dominate the middle yielded stable directions (82 normal, 4 reverse, 9 intermediate).
A short interval of reverse polarity was recorded by two part, whilst cobble and boulder conglomerates dominate the uppermost part of the section. In the lower part of the Surai consecutive samples near 900 m1, and a few other samples near 1045 m and 1186 m showed stable reverse or intermediate Khola section, the sediments are interpreted as overbank deposits of a meandering river system. Up-section, the sedimenpolarities. tary cycles become less uniform, with thick sandstone bodies, indicating a braided river system at the time of deposition. SAMPLING The results of our previous work (Appel et al. 1991; Rö sler et al. 1997) , demonstrate fairly constant sediment accumulation
The SK91 set of samples consisted of drilled cores of siltstones and sandstones of one inch diameter and about 10 cm length. rates of approximately 40 cm/103 yr for most of the section since the lower limit of chron 5n (10.949 Ma; all ages according to Cande & Kent 1995) . The interpretation of depositional 1 Stratigraphic position from the base of the section. Note that the environments and a better correlation of the obtained reversal re-calculation of real thicknesses, using a route traverse and strike and pattern with the standard timescale in the lower part of the dip data reduced the total thickness from about 5500 m (SK91) to about 5000 m (Rö sler et al. 1997). section suggest that the sedimentary record there is steadier They had been taken as single cores per stratigraphic level to the ancient source areas of the Lower Siwaliks. The finegrained sand at the banks of the river has a thickness of several with a sample spacing of about one core per 5.5 m in the re-sampled areas of this study.
metres and is estimated to be at least several decades old. The river banks are used as footpaths and are bioturbated by For the present study, orientated sandstone, siltstone and hard clay samples were taken using a portable petrol-driven people and animals walking on the surface. Burrows of mice and other animals are visible. During the monsoon season, rock drill and a magnetic compass. To minimize the time span covered by a drill-core and to obtain more homogeneous the sampled sand body is presumably under water level and magnetic grains may be remobilized. lithologies within samples, the samples were taken parallel to the bedding of the strata. With this sampling technique However, sampling and transportation of unconsolidated sand samples is problematic, and hardening of the sediment, a typical sample spacing of one sample per 10-30 cm was achieved, depending on the suitability of the rock (no cleavage, using resin or silica, is not viable, as this process in itself is likely to remobilize smaller grains and thus distort the primary no cracks, accessibility). In the laboratory, the drill-cores were cut into two to five standard specimens of one inch diameter fabric. On a previous field trip, tests were carried out using cylindrical plastic boxes of 1.25 cm diameter and 1.4 cm length. and 2.2 cm length.
Where drilling was not possible, for example in clay and silt The results were promising, and in the current study this sampling procedure was repeated, the main difference being beds, block samples were taken. Loose or disturbed material was removed by using a pick axe. A smooth surface was the use of larger cylinders to increase the ratio of sample volume to disturbed material. In both localities, dry and created at the outcrop, and the dip direction was measured and marked on the surface using a geological compass. The loose sand was removed from the top. Three perpendicular, orientated surfaces were then carved out of the moist sand. hand samples of approximately 1 kg weight were then removed using axe and chisel. In the clay beds about one sample per
The plastic sample cylinders of 2.5 cm diameter and 2.2 cm length were carefully pushed into each surface until they were 50 cm was taken. In the laboratory the blocks were cut into several cube specimens of 2 cm length.
completely filled with sand, so that there was no empty space in the boxes, and the drying sand could not break apart. They Only reversals with continuous, accessible exposures were re-sampled. This considerably reduced the number of suitable were orientated, removed, sealed and packed in plastic bags to protect them from drying out. Close to the walls of the boxes, sequences. For the present study the following parts of the Surai Khola section were re-sampled ( Fig. 2) .
with a thickness of approximately 1 mm, the sedimentary fabric was obviously disturbed. To monitor systematic directional (1) The 5N/4AR boundary at about 1270 m at two sites effects created by the sampling procedure, three sets of 10 (22+33 samples), one along the road section, one at the samples were taken in perpendicular directions at each site. correlated river section; distance about 100 m.
(2) The whole duration of chron C5r.2n at about 504-529 m
ANALYSIS OF REMANENCE COMPONENTS (72 samples).
AND ROCK MAGNETIC STUDIES (3) The vicinity of a short reverse polarity event within chron 5n between 872 and 896 m, either C5n.2n-2 or C5n.2n-3, Rock magnetic and remanence measurements were carried out as previously indicated by two samples of reversed polarity. It in the palaeomagnetic laboratory of Munich University. was sampled at both sides of the road section and along the For remanence measurements and stepwise thermal demagriver (97 samples at the road, 48 along the river).
netization, a LETI RS 01 two-axial cryogenic magnetometer, (4) Two expected cryptochrons in C5n.2n near 1190 m and and SCHONSTEDT and MMTDM shielded furnaces were near 1050 m. At the road section, the clay beds were badly used. Low-field magnetic susceptibility was measured after exposed. Here only the sandstone layers were sampled using the each step of thermal demagnetization, using a Kappabridge above method. Near 1190 m, a reverse and several intermediate KLY-2 to monitor chemical alteration. directions had been recorded. Three sandstone layers from
The magnetomineralogical composition of the Surai Khola 1176 m to 1206 m were re-sampled with 33 drilled sandstone sandstones was studied by Appel et al. (1991) . Acquisition of cores. The sandstone layers from 1044 m to 1051 m, where a isothermal remanence (IRM), stepwise thermal demagnetization reverse direction had been recorded, were sampled with eight of IRM and natural remanent magnetization (NRM) proved drilled cores and one additional block sample from an interbedthat haematite is the carrier of a stable palaeoremanence; ded clay.
however, considerable inclination errors were noticed. In many (5) In order to test the accuracy of the magnetic record, demagnetization curves of the NRM, a recent field component samples were also collected from two recent sand deposits of with low unblocking temperatures below 100°C and high sedimentary facies similar to the Surai Khola sediments. coercitivity was identified. Because of the yellowish colour of In the Surai Khola river bed, samples were collected from some outcrops, particularly in weathered parts of the section, a sand bank consisting of sand from a recently eroded grey it was interpreted as a secondary overprint carried by goethite. Middle Siwalik 'salt and pepper' sandstone. This sand bank A low-blocking-temperature magnetic phase with T B <300°C, shows cross-bedding structures and was deposited during the however, occasionally higher than the Curie temperature of last monsoon season, approximately three months prior to goethite, was recognized by Rö sler et al. (1997) in unweathered sampling. The sand bank had not undergone any visible samples from other places in the Nepalese Siwaliks. These bioturbation.
authors, however, presume a low-unblocking-temperature phase In the Dang valley, about 50 km west of the SK section, the of haematite. banks of the Babai river, consisting of huge sand bodies, were Rock magnetic parameters were determined for a large sampled about 20 m from the river. Here the sources of the number of samples throughout the Surai Khola section by Appel et al. (1991) and compared to neighbouring Siwalik sediment lie in the Higher and Lesser Himalayas, comparable sections by Rö sler et al. (1997) . Despite large local variations, acquisition curves, and almost saturation at 1.5 T ranging between magnetically 'hard' ( linear increase in intensity of these parameters indicate that in the lower part of the SK section only 'hard magnetic' ( high T B and high coercivity) IRM and no saturation) and 'soft' material (rapid increase in intensity (Fig. 3a) . magneto-minerals are present. Anisotropy of magnetic susceptibility (AMS) measurements were carried out for a large
Stepwise thermal demagnetization of IRM reveals two distinct blocking-temperature phases. For most samples, the number of samples throughout the Surai Khola section and neighbouring sections. Because of the contributions of paraintensity decreases by up to 80 per cent upon heating to 100°C. Samples with 'softer' IRM acquisition (thick curves) magnetic minerals (clay minerals, mica) to the bulk susceptibility of the studied rocks and the rather low susceptibility of the show almost no decrease at 100°C thermal demagnetization. After heating to 100°C, the intensities of all samples decrease remanence-carrying mineral haematite, the AMS data only allow the identification of a primary sedimentary magnetic gradually without distinct blocking temperatures up to the Curie temperature of haematite. A comparison of IRM demagfabric of the rocks; conclusions on the primary nature of the remanence are not possible (Rö sler et al. 1997) .
netization curves obtained from pilot samples throughout the section indicates a systematic correlation of the 'hardness' of For further characterization of the magneto-mineralogy of this study and its small-scale variability, eight samples of the IRM acquisition to the intensity decrease at 100°C thermal demagnetization of IRM. C5N°C4R reversal site, all from the same sedimentary cycle at the road section, were subjected to stepwise IRM acquisition
The prominent decrease of intensity for the first steps of thermal demagnetization is a common feature of palaeoand thermal demagnetization of the imposed IRM (Figs 3c,d ). Three curves (10-02, 10-05, 10-07) represent medium-grained magnetic data from Siwalik sediments (e.g. Tauxe 1997) . In the present study, the thermal demagnetization curves of fine-grained grey sandstone (10-22), show extremely hard magnetic behaviour upon IRM acquisition. These curves show of a majority of specimens indicate two magnetic phases, whereas their IRM acquisition curves may be interpreted by a an almost linear increase up to the maximum fields of 1.5 T, implying that saturation will be reached at much higher single magnetic phase. During thermal demagnetization at high temperatures, the magnetizations of samples with a large fields. All IRM acquisition curves except one (10-02) may be interpreted as due to a single magnetic phase. IRM experiments decrease at 100°C demagnetization tend to be more stable. This cannot be explained by the presence of goethite alone, on pilot sandstone samples, distributed throughout the SK section, show similar results, often with one-component-like but probably with a grain-size dependence of demagnetization Remanences persisting after 700°C thermal demagnetization may be due to calibration problems of the furnace for high temperatures; a kink around 120 mT in some curves of (a) and (c) is due to the change from a low-field to a high-field electromagnet with slightly different calibrations.
properties of haematite or by the preferred occurrence of alterations indicated by an increase in susceptibility start at temperatures higher than 600°C; for a smaller number of goethite associated with high-blocking-temperature haematite. The discrimination of goethite and haematite on the basis of specimens, at around 400°C. Susceptibilities often increase by a factor of up to 20, and samples may acquire spurious IRM acquisition experiments is not possible (Rochette & Fillion 1989) . magnetization directions, dominating the magnetic signal. The results of the IRM study can be summarized as follows.
TYPICAL EXAMPLES OF
(1) Most samples contain variable amounts of a low-DEMAGNETIZATION BEHAVIOUR blocking-temperature phase which is demagnetized at 100°C OF SPECIMENS and may be interpreted as a secondary goethite component, or as a viscous haematite component.
In all sampled subsections of this study, demagnetization (2) After 100°C thermal demagnetization, all curves look trajectories of specimens from stable polarity intervals seem to very similar, independent of lithology. All samples contain be of 'one-component' nature, whereas specimens from polarity haematite with high blocking temperatures. Samples with a transition areas show 'complex' demagnetization behaviour. pronounced 100°C decrease tend to be more stable at thermal Because of the large number of measured twin specimens, and demagnetization at high temperatures than others.
hence the more detailed information, all following examples (3) Samples with 'softer magnetic' IRM acquisition are taken from the sampling sites near reversal 5N/4AR at behaviour show almost no 100°C unblocking-temperature 1265-1275 m. phase.
Similar to previous results throughout the SK section (4) Comparison with IRM studies throughout the section (Appel et al. 1991) , samples from stable polarity intervals reveals that sandstone and clay/silt samples behave similarly.
exhibit fairly simple demagnetization behaviour with stable (5) Haematite is the dominant magnetic mineral. Goethite high-unblocking-temperature components persisting up to cannot be distinguished from viscous or low-unblockingtemperatures beyond 600°C. Samples near reversals, however, temperature haematite phases and may be present in many often show complicated multicomponent behaviour, with oversamples.
lapping blocking-temperature spectra and different remanence (6) Magnetite and other lower-blocking-temperature phases directions for twin specimens of the same sample. are not present, except probably for tiny quantities in sample
The specimens 10-16, 11-02, 11-03, 11-03A (Figs 4a,b,c) show 10-02.
typical behaviour for specimens from stable palaeomagnetic fields. After the first step (100°C) of thermal demagnetization, a palaeomagnetic direction with shallow inclination is identified.
COMPONENTS OF THE NRM
This component is generally very stable and often persists up to temperatures above 600°C. Newly formed magnetic phases Judging from the results of the IRM study, thermal demagnetization is the only appropriate cleaning procedure. The may obscure the palaeomagnetic signal at temperatures higher than 600°C (Fig. 4a , indicated by smaller symbols connected samples were subjected to stepwise thermal demagnetization, starting with 100°C. The temperature steps were increased in by a dashed line). In sections with stable polarities, the magnetization directions can be identified as stable endpoint 50°C increments up to 550°C, then in 25°C increments up to 700°C. Measurements on a second set of specimens for parts directions. Both the use of the remanence direction as characteristic remanent magnetization (ChRM) at a selected step of of the sections (twin specimens of the same drill-core) were performed with a smaller number of demagnetization steps.
the thermal demagnetization program, as in Appel et al. (1991) , and the calculation of linear elements based on several heat The NRM intensities, ranging from 0.3 to about 30 mA m−1, are well above the noise level of the cryogenic magnetometer. steps lead to almost identical results. Small directional changes at certain demagnetization steps The palaeomagnetic directions obtained by thermal demagnetization of specimens were analysed using the PALMAG (e.g. an eastward kink at 600°C, Fig. 4b ) can be reproduced for a few twin specimens and neighbouring samples close to palaeomagnetic program of Munich University. It includes principal component analysis (PCA, Kirschvink 1980 ) and a the polarity transition. This suggests that the measured signal is not a single component of the palaeofield, but rather great-circle-fit procedure following the algorithm of McFadden & McElhinny (1988) . a superposition of almost parallel components acquired at slightly different times, probably generated by secular variation In most samples, an overprint showing recent field direction (in situ decl./incl.=0°/+47°, tilt-corrected approxior the onset of the reversal. Because of overlapping blockingtemperature spectra at high blocking temperatures, it is not mately decl./incl.=0°/−20°), could be removed with the first steps of thermal demagnetization. After a few steps of thermal possible to separate these components clearly and to assign them to certain mineral phases and mechanisms of remanence demagnetization, palaeodirections close to the mean directions of the characteristic remanence of the entire SK section of acquisition such as DRM, pDRM or a secondary CRM. Only near reversals, in times of presumably rapidly changing 358.3°/+15.5°for normal and 178.2°/−24.3°for reverse polarities (Appel et al. 1991) could be achieved for most fields and/or with remanence components acquired at slightly different times, demagnetization trajectories of specimens samples.
Near reversals, most of the samples show complex demagare far more complex than in times of stable palaeofields (Figs 4d-g ). Most specimens do not exhibit stable intermediate netization behaviour, and it is often impossible to separate components from each other properly. Siwalik sediments condirections, but several components of remanent magnetization (RM). During thermal demagnetization, the vector of RM tain a variety of potential sources of iron, such as clay minerals or mica, and heating may generate new magnetic phases, moves along poorly defined great circles. For twin specimens, the demagnetized components are roughly similar, but the for example magnetite. For most of the specimens, chemical Twin specimens from the same sample are labelled with the suffixes -A and -B. For example 11-11, 11-11 A, and 11-11B are three specimens from the same drill-core, usually starting with the freshest specimen. Specimen 11-11B comes from the yellowish weathered rock surface and carries only a strong secondary magnetization close to the recent field direction (e,g). The direction of the recent field is indicated in (f ) and (g) by asterisks ( bigger symbol, geocentric dipole field; smaller symbol, recent ambient field; RF 10 and RF 11 , recent field directions for specimens of site 10 and site 11).
resulting stable vectors and hence the great-circle paths are inclination is a primary feature, recent unconsolidated sand deposits of facies similar to Siwalik sediments were sampled different (Figs 4d-g ). This suggests that the measured RM directions are produced by the superposition of at least and analysed. Static AF demagnetization was performed for all specimens, two almost antiparallel remanence components. Sample 11-11, 11-11A (Figs 4f,g ) requires at least three components to but some of the samples were very sensitive to handling and disintegrated rapidly. The results showed stable magnetic contribute to the NRM. A recent field component is removed at temperatures up to 100°C. Up to 550°C, a component with directions, accompanied by a small decrease in the intensity of the remanence for the majority of specimens up to the maxidirections between the recent field and normal palaeofield is demagnetized. The poorly defined great-circle paths move mum available alternating fields of 150 mT. For some specimens, however, major changes of the magnetic signal could southwards towards an intersection near 180°with shallow inclinations, indicating a reverse palaeofield component.
be correlated with their increasing mechanical destruction. Because the precision parameters of the Fisher (1953) statistics Around 550°C of thermal demagnetization, the trajectories of the RM vectors turn northwards and follow great-circle paths, deteriorated during the course of the demagnetization program, and to avoid misinterpretation of effects that were obviously which would intersect around decl.=0°and shallow inclination, indicating a normal palaeofield component.
caused by mechanical destruction of the samples, only the NRM values are presented here. Fig. 5 shows the in situ NRM directions for the Surai Khola and Babai river sands. For both REMANENCE ACQUISITION BEHAVIOUR sites, there is no significant difference between the orthogonal OF RECENT SEDIMENTS sampling directions, indicating that the sampling procedure does not disturb the sedimentary fabric systematically. The NRM Similar to previous magnetostratigraphic results from Siwalik sediments (Tauxe & Opdyke 1982; Appel et al. 1991; Gautam intensities, ranging from 0.4 to 7.1 mA m−1, are comparable to those of neighbouring Siwalik sandstones. & Appel 1994; Rösler et al. 1997) , the palaeomagnetic data of the present study show a consistent 'inclination error' of up to At both sites the declinations average the ambient field, and the inclinations are considerably shallower in the Surai 20°and more, a feature which previously has been interpreted as indicating the primary nature of the remanence (Appel et al.
Khola samples (ambient field: dec.=0.1°W, inc.=+47°, dipole: 0°/+42°) than in the Babai river samples. The Surai 1991). In order to test whether or not the flattening of the Table 1 ; the mean directions, their a95 cones and the recent field directions are plotted in the diagrams. Khola sand shows a bigger variation in declination than in the interval of the longest duration (chron C5r.2n, 11.476-11.531 Ma, duration 55 kyr), which already had been inclination, similar to the results from Siwalik mud samples reported by Tauxe & Kent (1984) . The Babai river sand shows reliably identified in the SK91 data set, towards shorter intervals, which had only been indicated in SK91. The results a bigger scatter of individual remanence directions and only a slight inclination error of about 7°, which may be explained from the reversal C4Ar/C5n, presumably covering a few thousand years, will be presented at the end. by the obvious bioturbation of the sand bank. A DRM, probably similar in scatter and inclination error to the SK sand was formed at deposition; this DRM is exposed to partial Re-sampled section from 504 m to 529 m (Fig. 6a ) mechanical destruction by bioturbation. The banks of the Babai river are used as footpaths, as watering places for cattle,
The re-sampled area starts with sandstones near sample 41-2 at 505 m of the SK91 data set. The first specimens exhibit and they are an ideal place for burrows of small animals. The poor realignment of grains during bioturbation, probably stable one-component-like magnetizations of a reverse palaeodirection (approx. decl./incl.: 180°/−40°). The directions of the without inclination error in dry or moist sand, leads to a bigger scatter of individual remanence directions and to a remanence vectors after each step of thermal demagnetization are apparently identical for all steps and for the PCA comsmaller inclination error than in the SK sand. The rise of the water level in flood seasons is presumably able to realign ponent. Thus only a filled symbol which coincides with the open ones is visible in the plot. part of the magnetic grains and leads to a post-depositional remanent magnetization (pDRM), which is again exposed to Around 508 m, in a clay bed overlying the sandstones, normal to intermediate palaeodirections were identified using PCA. bioturbation as soon as the water level falls.
The Surai Khola sand shows a DRM with scattered indiOccasionally in these samples, two antiparallel components could be isolated. The remanence vectors during thermal vidual directions of specimens and a considerable inclination error, which are also common features in palaeomagnetic demagnetization are often completely different from the PCA directions. For example, around 509 m a reverse component studies of Siwalik rocks. The results from the Babai river sand demonstrate that the primary DRM may be exposed to effects could be identified by PCA, whereas the remanence directions during thermal demagnetization are scattered but generally of bioturbation and probably also to subsequent seasonal re-alignment of part of the remanence, resulting in postindicate normal polarity. The following zone of normal polarity in interbedded sandstones and clays is correlated with C5r.2n depositional remanence components, which may be formed over a considerable time span, probably hundreds of years.
(11.476-11.531 Ma) and covered by almost 50 samples, displaying stable one-component behaviour of remanent magnetization. Only two or three samples display stable intermediate directions.
MAGNETOSTRATIGRAPHIC RESULTS
In some clay specimens, the inclinations show minor changes FROM THE RE-SAMPLED AREAS during thermal demagnetization but declination directions are constant. In this section, the palaeomagnetic directions from the re-sampled areas and their interpretations in terms of the The C5r.2n/C5r.1r polarity transition is recorded by eight specimens within a sandstone layer at around 528 m. Here polarity of the palaeomagnetic field and the recorder properties of the Surai Khola sediments are presented.
again the samples generally show multicomponent behaviour with demagnetization trajectories moving along great-circle In Figs 6(a) -(e) tilt-corrected remanence directions are plotted versus their stratigraphic position in the sedimentary column.
paths. The end of the transition zone above sample 46-1 of the SK91 data set could not be re-sampled. Above this level, Appel A lithological column is given to control whether magnetic features/boundaries are correlated with lithology. In the rightet al. (1991) identified an interval of reverse polarity more than 100 m thick, confirmed by more than 20 samples (Fig. 2) . hand column, the interpreted polarities and the correlated chron terminology are given. Directions of specimens of the SK91 data set are indicated by stars and labelled with their Re-sampled section from 1176 m to 1206 m (Fig. 6b ) sample number in the declination column.
Remanence components obtained by PCA are displayed as In this part of the section, only drilled samples, mainly sandstones, were taken to confirm the existence of C5n.1r, filled symbols: dots for the road section, diamonds for the river section. Where two components could be isolated in the which had been indicated by two specimens of reverse and intermediate polarities in the SK91 data set. The re-sampled same specimen, both components are displayed at the same stratigraphic position. Furthermore, the remanence directions area starts with two samples of stable normal polarity near sample 93-7 at 1176 m. Most of the following samples in the of all specimens after each step of thermal demagnetization from 100°C to 600°C, after removing low-temperature oversame sandstone layer are affected by recent field overprints to varying degrees, illustrated by open symbols around decl.=0°prints and before heat-induced mineral alterations become important, are displayed as open symbols. Thus for each and negative inclinations. Intermediate directions are also identified (e.g. at 1178 m), possibly indicating the onset of the specimen generally one (sometimes two, or none if PCA failed) filled symbol and up to 11 open symbols are displayed at the transition. In the overlying sandstone bed (1185-1188 m, the clay bed below was not sampled), all samples show stable same stratigraphic level. The resulting pattern illustrates that the ambiguous behaviour of specimens during thermal demagreverse palaeodirections almost without recent field overprints. One sample at the top of this sandstone bed shows an netization is limited to reversal zones.
One of the targets of the present study was to test the additional normal palaeofield component identified between 100 and 500°C during thermal demagnetization. recorder properties of the SK sediments, i.e. which is the shortest magnetic interval that can be reliably identified. The
In the overlying clay beds, it was only possible to drill two samples, at around 1190 m. Both show stable normal description of the results of the re-sampled sections starts with palaeodirections, one with considerable recent field overprints.
Re-sampled section from 872 m to 896 m (Fig. 6c ) This clay bed is immediately overlain by a 14 m thick sandstone sequence. Two samples from the base of this sequence (1194-Considerable effort was made to identify the cryptochron of the geomagnetic field in chron C5n.2n, which was recorded 1195 m) reveal stable intermediate directions of magnetization, probably reflecting excursions of the geomagnetic field after clearly by two samples in the SK91 data set. Above and below, it is bounded by intervals of normal polarity with durations the polarity transition. All other samples of this sandstone sequence display stable single-component magnetizations of of several hundred-thousand years and thicknesses of several hundred metres. It is thus deemed extremely unlikely that it is normal palaeofield directions. an effect of the remagnetization processes. In the field, it is remagnetizations or pDRMs caused by the overlying reverse event. All specimens of the overlying clay bed of the river exposed at a sharp bend of the road, about 30 m above the river section to which it can be easily correlated. Both road section (882-885 m) show extremely stable directions with declinations around 0°and varying inclinations. In the next (dots) and river (diamonds) sections were sampled with a large number of samples, 97 from the road, 48 from the river section.
sandstone, the specimens from 885 to 887 m show stable normal polarities without overprints, followed by five speciThe sandstone parts of this sequence are more accessible at the road cut, whilst the interbedded mudstones are better mens (887-888 m) which show clearly reverse polarities without overprints. For most of the specimens of the overlying beds, exposed and preserved in the river section. The sandstone samples collected in the present study from 872 to 874 m reveal the demagnetization trajectories follow great-circle paths, which is typical for specimens with multicomponent magnetization. stable normal polarity directions. The overlying clay and sandstone specimens (875-882 m) generally show normal polarity This behaviour is limited to the vicinity of field reversals recorded in the sedimentary column. In this part of the section directions, but are often affected by overprints of recent field direction. In a few sandstone specimens, additional com-(888-892 m), PCA could separate either normal or reverse palaeodirections for about the same number of specimens in ponents of reverse palaeodirections could be isolated, probably but shallow positive inclination (at 1045 m), the other 'normal' declination and almost vertical negative inclination (at 1049 m). In the overlying clay bed (892-895 m), after several intermediate directions, the re-sampled section ends with specimens
In the field, the clay beds were badly exposed and only one clay block sample could be obtained. The sandstone beds were showing stable one-component directions of normal polarity, corresponding to chron C5n.2n.
re-sampled with eight drilled cores. Three samples of the lower sandstone layer (1044-1045 m) and one specimen at the base of the upper sandstone bed show palaeoremanences of normal Re-sampled section from 1044 m to 1051 m ( Fig. 6d) polarity accompanied by a low-blocking-temperature overprint in the recent field direction. For the other specimens, only In the SK91 data set, two specimens with anomalous remanence directions had been recorded within C5n.2n at a position recent field directions or intermediate directions could be isolated by PCA. At temperatures close to the Curie point of inbetween the expected positions of the cryptochrons C5n.2n-1 and C5n.2n-2. One of the samples had 'reverse' declination, haematite, the remanence directions in these samples turn to poorly defined magnetic directions on the southern hemisphere. polarity with minor overprints in the recent geomagnetic field direction. Owing to the small number of samples and high probability of heat-induced remanences during thermal demagnetization, the existence of a short time reverse cryptochron as indicated CONC LUSIONS in the SK91 data set at the re-sampled position could not be confirmed.
The lock-in time of magnetic remanence directions in recent sediments of facies similar to Siwalik sediments is very short in the absence of bioturbation. The recorded directions are Re-sampled section 1265 m to 1275 m (Fig. 6e) characterized by inclination errors exceeding 20°and considerably scattered directions for individual specimens. This The vicinity of the 5N/4AR boundary was sampled at the road section (dots) and-about 100 m distant-at the river section agrees with the palaeomagnetic results obtained from Siwalik sediments and strengthens the assumption that inclination (diamonds), at the bend of the Surai Khola river. Both sections could be correlated easily by a layer of friable clay, which errors may be taken as evidence for primary magnetizations. It also indicates that these sediments are suitable recorders of could not be sampled in either section. The overlying ochre clays are about 1.5 m thicker in the river section, but the upper the geomagnetic field polarity, but these remanence directions should be treated cautiously for other purposes, such as VGP boundary of the reversal is recorded at about the same stratigraphic level in the overlying sandstone bed in both calculations. The results from the Babai river sand indicate that part of the DRM may be destroyed by bioturbation. sections. Thus the different thicknesses of individual beds are lateral variations in lithology rather than any diachronism in Postdepositonal remanence components generated by realignment of part of the remanence during seasonal flood events sedimentation at this point of the section.
For single specimens close to the reversal position, the results can be expected. Samples from normal or reverse polarity intervals exhibit of thermal demagnetization were very complex (see examples in Fig. 4 ) and their interpretation difficult. Therefore a second stable demagnetization behaviour. A recent field overprint residing in many samples can be easily removed at 100°C set of specimens of the same drill-cores and block samples (twin specimens) were subjected to thermal demagnetization. thermal demagnetization. For most of the samples, the remaining magnetization behaves like one-component palaeoGreat-circle paths are poorly defined and for twin specimens often completely different (see Figs 4d-g ).
remanences carried by haematite. These are characterized by considerable inclination errors, indicating that a major part of Below 1269 m, all specimens of both subsections exhibit palaeoremanences of normal polarity with minor overprints the remanence is contributed by a primary DRM, with some scatter of individual directions, and blocking temperatures of recent field direction in the upper part of a thick pile of clay beds (1268-1269 m is characterized by an abrupt switch from one polarity to the boundaries, the duration of reversals may be estimated to be much shorter, probably in the range of hundreds of years. other. Reversals generally do not coincide with lithological boundaries in the re-sampled subsections, indicating steadiness
The palaeomagnetic record of all sampled reversals is characterized by transition zones, limited to a few metres of thickness of sediment accumulation at the timescale of the duration of reversals at the time of deposition. Some reversals (e.g. Fig. 6c: in the sedimentary column. Most specimens show complex multicomponent character during thermal demagnetization, 887-888 m, Fig. 6a : 527-528 m, Fig. 6e : 1270-1275 m) are found completely within sandstone layers. Using the net sediment in contrast to generally 'simple' one-component-like demagnetization characteristics of specimens from 'stable' normal or accumulation rate of the Surai Khola section during C5n of 40.5 cm kyr−1, the duration of the sampled reversals may reverse palaeofields. The demagnetization trajectories of the remanence vectors move along poorly defined great circles, be estimated at 1-2 kyr. When assuming higher sediment accumulation rates for sandstones than for clay or silt layers, indicating up to three, almost antiparallel components of remanence in the same specimens, often without reaching continuous sedimentation of sandstone layers, and taking into account possible times of non-deposition at lithological stable endpoint directions.
